Injection of human immunodeficiency virus type 1 (HIV-1)-infected human monocyte-derived macrophages (MDMs) into the basal ganglia of severe combined immunodeficient mice recapitulates histopathologic features of HIV-1 encephalitis (HIVE). Here, we show that the neural damage in HIVE mice extends beyond the basal ganglia and is associated with cognitive impairment. Morris water maze tests showed impaired spatial learning 8 d after MDM injection. Moreover, impaired synaptic potentiation in the hippocampal CA1 subregion was demonstrated at 8 and 15 d. By day 15, post-tetanic, shortterm, and long-term potentiation were reduced by 14.1, 29.5, and 45.3% in HIVE mice compared with sham-injected or control animals. Neurofilament (NF) and synaptophysin (SP) antigens were decreased significantly in the CA2 hippocampal subregion of HIVE mice with limited neuronal apoptosis. By day 15, the CA2 region of HIVE mice expressed 3.8-and 2.6-fold less NF and SP than shams. These findings support the notion that HIV-1-infected and immune-competent brain macrophages can cause neuronal damage at distant anatomic sites. Importantly, the findings demonstrate the value of the model in exploring the physiological basis and therapeutic potential for HIV-1-associated dementia.
Cognitive, motor, and behavioral deficits occur late in the course of most lentiviral infections. For the human immunodeficiency virus type 1 (HIV-1) (Michaels et al., 1988; Price et al., 1988) , the simian immunodeficiency virus (Chakrabarti et al., 1991; Hurtrel et al., 1993) , and the ungulate lentiviruses (Gendelman et al., 1985; Narayan and Clements, 1989; Clements et al., 1994; Narayan et al., 1995) , neurologic impairments occur with progressive viral infection and infiltration of peripheral monocytes into brain perivascular spaces and parenchyma. In the case of HIV-1, infected individuals commonly experience apathy, withdrawal, and frank disorientation to time and place. Before the widespread implementation of highly active anti-retroviral therapy (HAART), 17-33% of infected adults and 50% of infected children exhibited cognitive, behavioral, and motor impairments (Janssen et al., 1991; Maschke et al., 2000) . Despite the diminished incidence of HIV-1-associated dementia (HAD), now at 7%, since the implementation of HAART (Dore et al., 1999) , the greater life expectancy may increase disease prevalence.
Histologic features observed in HIV-1 encephalitis (HIVE) include macrophage infiltration of basal ganglia and subcortical white matter, diffuse microglial activation, reactive astrocytosis, myelin pallor, and neuronal injury and loss. Collectively, these histopathologic features have been reproduced in a small animal model system of disease. Injection of human monocyte-derived macrophages (MDMs) into the caudate and putamen of severe combined immunodeficient (SCID) mice produces local histopathologic alterations that mimic salient features of HIVE in humans (Persidsky et al., 1996 . Although this model has proven useful for studying viral spread among human macrophages in brain and inflammation, it previously was unknown whether quantifiable cognitive impairment and diffuse physiological and pathological alterations could occur. It has previously been shown that the SCID phenotype is not associated with spatial cognition deficits (Petitto et al., 1999) and that both murine neural and human MDM antigens can be detected distinctly in HIVE mice (Persidsky et al., 1995) .
In the present study, mice were examined in the Morris water maze (MWM) (Morris, 1984) at 4, 8, and 15 d after injection with HIV-1-infected and uninfected MDM, vehicle (sham) , and unmanipulated controls. At each of the time points, hippocampal slices were excised, and synaptic potentiation was measured within the CA1 subregion. Neuronal apoptosis, dendritic arbor, and synaptic density within the hippocampus were quantified using the terminal deoxynucleotidyl transferase-mediated biotinylated UTP nick end labeling (TUNEL) assay, a monoclonal antibody for the neuronal cytoskeletal antigen neurofilament (NF), and a monoclonal antibody for the presynaptic synaptophysin (SP). To the best of our knowledge, these experiments are the first to demonstrate clear relationships between cognitive impairment, synaptic physiology, and neuronal morphology in HIVE animals, supporting the value of the model for studies of disease pathogenesis and therapeutic development for HAD.
MATERIALS AND METHODS
Isolation and culture of primar y human monoc ytes. Monocytes were obtained from leukopheresis of HIV-1 and hepatitis B seronegative donors and purified by counter current centrif ugal elutriation (Gendelman et al., 1988) . Wright-stained cytospins prepared from cell suspensions were immunolabeled with CD68 (clone K P-1, M0814; Dako, C arpinteria, CA) and shown to be Ͼ98% pure. Monocytes were suspended in Teflon flasks (2 ϫ 10 6 cells/ml) in DM EM (Sigma, St. L ouis, MO) with 10% heat-inactivated pooled human serum, 1% glutamine, 50 g /ml gentamicin (Sigma), 10 g /ml ciprofloxacin (Sigma), and 1000 U/ml highly purified recombinant human macrophage colony stimulating factor (MC SF) (a generous gift from Genetics Institute, Inc., C ambridge, M A). Monocytes were cultured with MC SF 7 d after elutriation (to allow differentiation to MDM). Culture medium was changed every 2-3 d. All tissue culture reagents were screened before use and found negative for endotoxin (Ͻ10 pg /ml) (Associates of C ape Cod., Inc., Woods Hole, M A) and mycoplasma contamination (Gen-probe II; Genprobe Inc., San Diego, CA).
HI V-1 infection of MDMs. After 7 d in Teflon flask suspension culture, MDMs were infected with the macrophage-tropic strain HIV-1 ADA (Gendelman et al., 1988) at multiplicity of infection of 0.01 infectious virus per target cell. Reverse transcriptase (RT) activity was determined in triplicate samples of culture fluids added to a reaction mixture of 0.05% Nonidet P-40 (Sigma), 10 g /ml poly(A), 0.25 g /ml oligo(dt) (Amersham Biosciences, Piscataway, NJ), 5 mM dithiothreitol (Amersham Biosciences), 150 mM KC l, 15 mM MgC l 2 , and [
3 H] dideoxythymidine 5Ј-triphosphate (2 C i /mmol; Amersham Biosciences, Arlington Heights, IL) in pH 7.9 Tris-HC l buffer for 24 hr at 37°C. Radiolabeled nucleotides were precipitated with cold 10% trichloroacetic acid and 95% ethanol in an automatic cell harvester (Skatron Inc., Sterling, VA) on paper filters. Radioactivity was estimated by liquid scintillation spectroscopy (Kalter et al., 1991) .
Ten to twenty percent of HIV-1-infected MDMs expressed p24 viral antigens as determined by immunocytochemistry (Dako; M0857, 1:10 dilution). C ytospin preparations of HIV-1-infected cells were fixed in ice-cold absolute acetone/methanol (1:1) for 10 min at Ϫ20°C. Antibodies to HIV-1 p24 were applied for 60 min, followed by a biotinylated anti-mouse IgG 2 , avidin -biotin complex, and 3,3Ј-diaminobenzidine peroxidase substrate. Viral antigen-positive cells were counted in a Nikon Microphot-F X A microscope using a 20ϫ objective in 10 random fields. All experiments were performed in triplicate.
HI V E SCID mice. Forty-eight SCI D mice (male C.B.-17/ IcrCrlscidBR, 3-4 weeks old) were purchased from Charles River Laboratories (Wilmington, M A). Animals were maintained in sterile microisolator cages under pathogen-free conditions in the Laboratory of Animal Medicine at the University of Nebraska Medical C enter in accordance with ethical guidelines for care of laboratory animals set forth by the National Institutes of Health. Mice were acclimated to a 12 hr light /dark cycle. Food and water were available ad libitum. All mice were ear tagged for individual identification. Intracerebral inoculations of HIV-1 ADAinfected MDMs were performed after intraperitoneal anesthesia (100 mg / kg ketamine and 16 mg / kg xylazine). At the day of brain injection (5 d after infection), MDMs were pelleted and then resuspended at 2 ϫ 10 7 cells/ml in serum-free DM EM. Anesthetized mice were placed in a stereotactic apparatus (Stoetling Co., Wood Dale, IL) designed for mice. The animal's head was secured with ear bars and mouthpiece during the injection (Cunningham and McKay, 1993) . A 1 ml tuberculin syringe (Becton Dickinson, Franklin Lakes, NJ) with a 26 gauge needle was used. Each animal in the HIV-1 MDM and MDM treatment groups received 10 l of suspension containing 3.0 ϫ 10 5 HIV-1-infected or uninfected cells, inoculated into the left hemisphere (targeting caudate and /or putamen, with coordinates (Persidsky et al., 1996) . Sham-operated animals received 10 l of serum-free DM EM.
Morris water maze. Mice were introduced into the perimeter of a circular water-filled tank 91 cm in diameter and 110 cm in height, with a video camera (Burle Securities, Lancaster, PA) suspended 170 cm above the liquid surface. Tracking software (PolyTrack, San Diego Instruments) recorded the path of the rodent by light /dark contrast detection for subsequent analysis. At four compass point (N, S, E, W), extra-maze visual cues were depicted in white on the black interior wall of the tank. A square "escape platform" (13 cm ϫ 13 cm) was placed 2 cm below water level in one of the quadrants. The detection system was programmed to terminate the trial when the animal reached the escape platform. For the purpose of longitudinal testing, the escape platform was moved to a different quadrant at each time point. Water temperature was maintained at 15-17°C.
One day after delivery from Charles River Laboratories, each animal was acclimated to the MW M in the absence of escape platform for 90 sec. Within 1 week after acclimation, mice were injected. At 3, 7, and 15 d after injection, each animal was introduced into the MW M for up to 90 sec per trial in the presence of a hidden escape platform. The release positions around the perimeter of the maze were different for each trial, and the order was determined pseudorandomly. Trials were terminated when the mouse reached the escape platform or after 90 sec. After termination, the mouse remained on the escape platform for 10 sec, was removed from the apparatus, dried, given food and water, and allowed to rest for at least 10 min or until core body temperature returned to 35-37°C . Motor and motivational performance were evaluated at each time point by recording the swim speed during the initial trial of each day. T wo days after injection, one mouse in the MDM group experienced right hemiparesis, likely reflecting partial transection of the left internal capsule. During injection into basal ganglia, the internal capsule is transected in Ͻ1:300 injections. This mouse was eliminated from analysis, leaving final sample sizes of the MDM, HIV-1 MDM, sham, and unmanipulated groups at 11, 12, 12, and 12 mice, respectively.
Within each time point, the escape latency of each mouse was measured in 9 -10 trials. T wo-way ANOVA was used to test for differences between groups, between trials, and group ϫ trial interactions. If the overall tests for main effect were significant, pairwise comparisons were conducted to assess differences. T ukey's adjustment for multiple pairwise comparisons was used to maintain the level of significance. Separate ANOVAs were performed for days 4, 8, and 15. Within each group, a main effect of trial, such that the escape latency at trial 10 was less than that at trial 1, was used as a criterion for intact learning. All tests were one-way, two-sided, and had Յ0.05 significance.
Preparation of hippocampal slices and recordings of evok ed field potentials. Transverse mouse brain slices were prepared as described in rats (X iong et al., 1996) . Mice were transported in microisolator cages to the electrophysiology recording stations housed within biosafety level 3 infection containment. Mice were anesthetized with metofane and decapitated, and brains were removed. Hippocampi ipsilateral to the injection site were separated and immediately placed in an ice-cold (4°C) oxygenated artificial C SF (AC SF) containing (in mM): 124 NaC l, 3 KC l, 2 CaCl 2 , 2 MgC l 2 , 1 NaH 2 PO 3 , 26 NaCO 3 , and 10 glucose. AC SF was equilibrated with 95% O 2 and 5% C O 2 ; the resulting pH was 7.32-7.46. Transverse hippocampal slices (400 m thick) were cut and kept in a humidified /oxygenated holding chamber at room temperature for 1 hr before being transferred to the recording chamber where they were submerged in a continuously perf used, oxygenated, 30°C AC SF solution at a constant flow rate of 2 ml /min.
Orthodromic constant current stimuli (0.05 Hz) were delivered through a bipolar tungsten electrode (insulated except for the tip) placed in the Schaffer collateral pathway to CA3. The intensity (50 -400 A) and duration (0.01-0.05 msec) of stimulation were adjusted to generate ϳ30 -40% of a maximal response. EPSPs were recorded in the stratum radiatum within the CA1 hippocampal subregion with an Axopath-1D amplifier (Axon Instruments, Foster C ity, CA) interfaced with a Dell Pentium II PC computer (Dell, Round Rock, TX), acquired digitized (at a frequency of 2.5 kHz), and analyzed using pCL AM P software (Axon Instruments). The initial slopes of field EPSPs were calculated in units of percentage of control. Separate phases of synaptic potentiation were defined as post-tetanic potentiation (P TP) (0 -5 min), short-term potentiation (STP) (10 -14 min), and long-term potentiation (LTP) (56 -60 min) and compared using a one-way, two-sided ANOVA analysis at a 0.05 level of significance. The rostral-most portion of each hippocampal subregion was Ն500 m from the injection site. After stimulation parameters were achieved, a 30 min control ensured that a working synapse was analyzed before high-frequency stimulation (HFS).
T UNEL. TUN EL was performed on paraffin sections using the in situ cell death detection kit (Roche Diagnostics, Chicago, IL). Briefly, dewaxed sections were permeabilized with proteinase K (10 g /ml in Tris-HC l, 15 min at 37°C) and incubated with the TUN EL reaction mixture (60 min at 37°C). Sections were viewed using a Nikon Eclipse (E800) microscope.
Immunohistochemistr y. Whole mouse brains were collected at necropsy. Tissue was fixed in 4% paraformaldehyde for 48 hr. Neuronal arbor was detected with mouse mAb against N F (Dako; M0762, 1:50 dilution). Synaptic density was detected with mouse mAb against SP (Chemicon, Temecula, CA; 329, 1:50 dilution). The xenograft was detected with mouse mAb against a human vimentin (Roche Diagnostics; 1112 457, 1:50 dilution), as described (Persidsky et al., 1996) . Images were gathered using a MagnaFire digital camera and software (Optronics, Goleta, CA). Total area occupied by peroxidase positivity was quan-tified using Image-Pro Plus software (Media C ybernetics, Silver Spring, MD).
RESULTS
Reproducible xenograft placement in the left basal ganglia was done by sterotactic injections. Among the 36 mice analyzed, the majority (Ͼ90%) of injected cells found in brain parenchyma were located in the gray field (Fig. 1 A) , and no mice displayed human cells in the hippocampal formation by immunohistochemical tests. Variations in the angle of needle entry are shown in Figure 1 B.
Morris water maze testing
Cognition was examined in SCID mice after infection of HIV-1-infected MDM, MDM, and vehicle control (sham). The criterion for demonstrable spatial cognition was a group mean escape latency at trial 10 less than that at trial 1 (Fig. 2) . A frank inability to learn was manifest by a final mean escape latency statistically indistinguishable from initial latency (Fig. 2 B, HIV-1 and MDM mice). The performance of unmanipulated animals (data not shown) was statistically indistinguishable from sham-operated mice at all time points. At day 4, two-way ANOVA revealed no effect of group and no significant group ϫ trial interactions. Within each group, an effect of trial was observed ( p Ͻ 0.0001), suggesting progressive recognition of spatial cues. By day 8, mice in the HIV-1 MDM and MDM groups developed cognitive impairment, as evidenced by failure to acquire spatial information (Fig. 2 B) . Two-way ANOVA of all groups at day 8 showed a significant effect of group ( p Ͻ 0.01) and trial ( p Ͻ 0.05). No group ϫ trial interactions were resolved. Within the HIV-1 MDM and MDM groups, ANOVA showed no effect of trial at day 8, demonstrating failed acquisition of spatial information. No difference between HIV-1 MDM and MDM groups was detected at any time point. MWM testing at day 15 showed no effect of group, no group ϫ trial interactions, and a significant effect of trial ( p Ͻ 0.0001). The hidden escape platform was moved to a different quadrant each day to reduce the contaminating effects of longitudinal testing. Despite this approach, MWM testing conducted at successive time points shows a progressive decrease in the initial mean escape latencies (Fig. 2 A-C, trial 1) , likely reflecting some measure of longitudinal task familiarization.
The basal ganglia are known to modulate fine motor function in mammals, and an inflammatory lesion in these structures could cause slowed swim speed, leading to reduced escape latency in the presence of intact cognition. To determine whether the increased MWM escape latencies shown in Figure 2 B reflect cognitive or motor impairment, we analyzed mouse swim speeds at trial 1 of each time point. At all time points, HIV-1 MDM and MDM mice demonstrated swim speeds indistinguishable from or greater than shams, indicating that xenograft injection into basal ganglia did not cause motor defects. In fact, on day 8, HIV-1 MDM mice showed significantly increased initial swim speeds compared with sham and MDM animals (*p Ͻ 0.05). On day 15, both HIV-1 MDM and MDM mice showed significantly elevated swim speeds when compared with shams (*p Ͻ 0.05).
Electrophysiology
We investigated whether MWM performance could be associated with altered synaptic physiology. We killed animals at equivalent time points after injection, dissected and sectioned the hippocampal formation ipsilateral to the injection, and recorded EPSPs within the CA1 region. Because of the length of time required to gather electrophysiologic recordings, mice were analyzed by electrophysiology tests at days 3, 4, and 5 (early), at days 7, 8, and 9 (intermediate), and at days 14, 15, and 16 (late). At each time point, one to three slices from three to six animals were tested. Electrophysiology recordings taken at days 3, 4, and 5 after MDM injection were combined to yield "3-5 days" data as shown in Figure 4 A. Data were combined similarly at the intermediate and late time points as shown in Figure 4 , B and C. Each data set includes mice from three separate litters. Figure 4 shows electrophysiological traces generated from HIV-1 MDM, MDM, and sham-injected SCID mice at 4, 8, and 15 d after injection. Error bars represent the SEM among slices. A 30 min control recording was conducted in each slice. Results from slices with large fluctuation (more than Ϯ2 SD) in basal activity were rejected. At the end of the initial 30 min control period, HFS (100 Hz, 0.5 sec) was delivered twice at 20 sec intervals. At all time points, sham animals displayed HFSdependent synaptic enhancement as depicted in Figure 4 A-C (black traces). At 6 -8 and 14 -16 d after injection, HIV-1 MDM and MDM mice showed reduced synaptic enhancement compared with shams (see Fig. 4 B, C) . The reduced enhancement was more pronounced in the HIV-1 MDM than in the MDM mice.
Synaptic enhancement after HFS is divided into three phases (Bliss and Collingridge, 1993) . PTP is the phase immediately after HFS. For most slices, the period of PTP includes or pre- cedes the maximum HFS-dependent response and manifests graphically as the phase of the curve with a steep positive slope. In C.B-17/IcrCrl-SCID mice, the initial EPSP slope increased by 140 -350% over baseline (control) for the initial 1-5 min after HFS. In experimental mice analyzed from days 3-5, no significant effect of group was observed (ANOVA; p Ͼ 0.05). Quantification of PTP 7-9 d after treatment showed significantly decreased PTP in mice injected with HIV-1 MDM (ANOVA, Tukey-Kramer; **p Ͻ 0.001): 214 Ϯ 25% (sham), 226 Ϯ 27% (MDM), and 112 Ϯ 5% (HIV-1 MDM). At days 14 -16, both HIV-1 MDM and MDM mice showed significant reductions compared with shams (ANOVA and Tukey-Kramer; *p Ͻ 0.01, **p Ͻ 0.001): 196 Ϯ 11% (sham), 162 Ϯ 6% (MDM), and 110 Ϯ 6% (HIV-1 MDM).
STP is the phase of gradual decay in potentiated EPSPs. At days 3-5, STP was statistically indistinguishable among the treatment groups (ANOVA; p Ͼ 0.05). By later time points, however, STP showed susceptibility to the xenografts. At days 7-9, slices from sham and MDM animals showed indistinguishable mean STP values of 224 Ϯ 20 and 200 Ϯ 11, respectively, whereas HIV-1 MDM animals showed a significantly decreased mean STP value of 127 Ϯ 4 (ANOVA and Tukey-Kramer; *p Ͻ 0.01). By days 14 -16, all three groups were statistically resolved (ANOVA and Tukey-Kramer; *p Ͻ 0.01, **p Ͻ 0.001): 196 Ϯ 15 (sham) Ͼ 156 Ϯ 7 (MDM) Ͼ 99 Ϯ 7 (HIV-1 MDM).
LTP can appear graphically as an asymptote persisting hours to days above the baseline level of responsiveness. In this study, we terminated LTP recordings 90 min after HFS. The 3-5 and 7-9 time point analyses showed no effect of group on LTP (ANOVA; p Ͼ 0.05). Analysis at days 14 -16 (see Fig. 5C , right bars) showed decreased LTP in mice injected with HIV-1 MDM (ANOVA and Tukey-Kramer; **p Ͻ 0.001): 212 Ϯ 7% (sham), 160 Ϯ 16% (MDM), and 116 Ϯ 4% (HIV-1 MDM).
Histopathology
Next we determined whether transient changes in mouse cognition and progressive changes in synaptic physiology were associated with morphologic changes in the hippocampus. At days 4, 8, and 15, we immunostained coronal hippocampal sections from four HIV-1 MDM and four MDM-injected mice with mAb against human vimentin and found that 0 of 24 mice contained human cells. TUNEL staining was performed on four animals in each treatment groups at days 4, 8, and 15 (36 total). Only one of four mice in the HIV-1 MDM and MDM groups showed TUNEL-positive nuclei in hippocampus at day 4. At days 8 and 15, no mice showed evidence of hippocampal apoptosis.
Histochemical analysis of neuronal antigen distribution was accomplished using mAbs against mouse NF, a cytoskeletal protein localized primarily in neuronal processes, and SP, a transmembrane protein localized in active synapses. NF-stained cells were visualized in the CA2 regions ipsilateral and contralateral to the injection as shown in Figure 6 . We then selected a region within CA2 that expressed dense NF networks for quantification and is illustrated in Figure 7 . Quantification of NF and SP staining within CA2 was accomplished using ImagePro Plus software and is shown in Figures 8 and 9 . Four days after injection, HIV-1 MDM-injected mice displayed a 76% reduction in NF expression and MDM-injected mice displayed a 73% reduction in NF compared with shams. Eight days after injection, HIV-1 MDM mice showed an 80% reduction and MDM mice showed a 64% reduction in NF compared with shams. Fifteen days after injection, HIV-1 MDM mice showed a 73% reduction and MDM mice showed a 53% reduction in NF compared with shams. All xenograft-dependent reductions in NF expression were statistically significant compared with shams (ANOVA and TukeyKramer; *p Ͻ 0.05, **p Ͻ 0.01).
SP density was next evaluated using the same approach developed for NF. Four days after injection, HIV-1 MDM-injected mice displayed a 58% reduction in SP expression and MDMinjected mice displayed a 56% reduction in SP compared with shams. Eight days after injection, HIV-1 MDM mice showed a 55% reduction and MDM mice showed a 44% reduction in SP compared with shams. Fifteen days after injection, HIV-1 MDM mice showed a 61% reduction and MDM mice showed a 54% reduction in SP compared with shams. All xenograft-dependent reductions in SP expression were statistically significant compared with shams (ANOVA and Tukey-Kramer; *p Ͻ 0.05).
DISCUSSION
In this report, a SCID mouse model for HIVE (Persidsky et al., 1996; was used to explore the group includes 6 -10 sections analyzed independently. Slices were dissected immediately after animals were killed, bathed in ACSF, and analyzed within 4 hr. A stimulating electrode applied current to the Shaffer collateral pathway. A recording electrode measured field potential in the CA1 region. Each point represents the initial slope of the falling phase of the evoked EPSPs recorded from the CA1 dendrite field before and after high frequency stimulation (HFS) (100 Hz, 0.5 sec). No slices showed signs of needle trauma under magnification (40ϫ). Data points represent mean Ϯ SEM. No significant between-group differences were observed in synaptic potentiation within the CA2 subregion 3-5 d after injection ( A). Significant differences in synaptic potentiation were observed after HFS at days 6 -8 (B) and 14 -16 ( C). Recordings were terminated 80 -90 min after HFS. relationship between cognitive function, physiology, and neuropathology after injection of human MDM into the basal ganglia. HIVE mice displayed deficient spatial cognition at day 8 but by day 15, cognition of HIVE animals returned to baseline (Fig. 2) . HIVE SCID mice did not suffer motor deficits but in fact swam significantly faster than controls at all time points, possibly reflecting increased anxiety (Fig. 3) .
We chose to measure HFS-dependent synaptic enhancement in the CA1 hippocampal subregion on the basis of previous studies correlating impaired enhancement in the murine hippocampus with spatial learning deficits in transgenic mice (McHugh et al., 1996; Molinari et al., 1996; Lu et al., 1997; Nalbantoglu et al., 1997; Chapman et al., 1999) . To the best of our knowledge, these experiments are the first to demonstrate hippocampal synaptic enhancement in SCID mice. HIVE SCID mice showed a progressive decrease in synaptic function (Figs. 4, 5 ) in parallel with decreased cognition at day 8. By day 15, multiple phases of synaptic potentiation were impaired in both xenograft groups, whereas MWM performance revealed indistinguishable cognition among treatment groups. These ostensibly incongruent findings at the late time point may be explained by the plasticity of the juvenile brain. Mice were injected between 3 and 5 weeks of age, before calcification of the skull and fusion of the cranial sutures, at an age when undamaged brain regions may be recruited into processes of learning and memory after damage to hippocampus, limbic system, or cortex. The increased ability of juvenile humans and animals to compensate for injury-dependent neurologic deficits is well documented and has been reviewed recently (Stiles, 2000) . In general, it is not uncommon for changes in hippocampal synaptic plasticity to occur in temporal discordance with changes detected by the MWM (Ho et al., 2000; Murphy et al., 2000; Uetani et al., 2000; Kubota et al., 2001) . Hippocampal apoptosis was rare in HIVE mice. Although hippocampal neurons remained viable, a visible and quantifiable reduction in NF and SP immunoreactivity after xenograft injection was detected (Figs. 6, 7, 8, 9) . Importantly, decreased NF and SP staining was detected distant from injected cells, suggesting a diffuse mechanism underlying MDM-dependent neuronal injury. It is possible that xenograft implantation causes generalized disruption of amino acid uptake into brain as observed in models of CNS ischemia (Rosenstein and Silverman, 2000) . Alternatively, antigen distribution in the mammalian hippocampus may change during acute injury, as has been shown to occur in the mammalian brain during aging (Van der Zee et al., 1997) . Finally, xenograft implantation may lead to covalent modification of intermediate filaments (e.g., NF) and presynaptic bouton structural components (e.g., SP) in HIVE mice such that antibodies react differently in paraffin sections. Inflammation-dependent covalent modification of NF is particularly likely because covalent modification of intermediate filaments has been implicated in animal models of toxin-mediated neuronal neurodegeneration (Heijink et al., 2000; Sills et al., 2000) , amyotrophic lateral sclerosis (Chou et al., 1998) , and Lewy body dementia (Montine et al., 1995) . In any of these scenarios, findings shown here and the previous finding of decreased dendritic arbor in the ipsilateral and contralateral cortex 4 weeks after HIV-1 MDM injection support the idea that MDM can cause altered neuronal morphology at distant anatomic sites.
Together, these data support three major conclusions. First, impaired cognition, the distinguishing clinical feature of HAD, now has been demonstrated in the HIVE SCID mouse model after a single injection, adding relevance to its utility for mechanistic studies of dementia in HIV-1-infected humans. Additionally, subtoxic changes in neuronal antigen distribution resemble processes occurring in the human hippocampus in HAD. Postmortem evaluation of humans with HIVE showed a 50 -90% decrease in density of parvalbumin-positive hippocampal neurons in the CA3 subregion (Masliah et al., 1992a) . The reduction of parvalbumin expression in CA3 correlated strongly with progression to HAD, whereas neocortical changes in parvalbumin density failed to correlate with dementia. Despite alterations in immunoreactivity, the absolute number of hippocampal neurons in human HIVE remains unchanged compared with healthy Fig. 1) . PTP, STP, and LTP were measured at t ϭ 31-35, 40 -45, and 85-90 (Fig. 4) . Statistical comparisons were made against shams (*p Ͻ 0.01, **p Ͻ 0.001; ANOVA, Tukey-Kramer).
individuals (Korbo and West, 2000) , suggesting that hippocampal changes in HAD are not associated with frank neuronal dropout. From a therapeutic perspective, the responsiveness of HAD to HAART therapy (Gendelman et al., 1998) supports the idea that neuronal damage in HIV-1 disease is a reversible process. The experimental finding that cognitive deficits in HIVE mice are transient further likens xenograft-induced murine HIVE to the natural form of the disease in humans.
Second, we have shown that immune-activated macrophages, although detected frequently in the HIVE brain, need not exist in a specific brain region to cause physiologic impairment. MDM release of proinflammatory factors such as interleukin (IL)-1, IL-6, and tumor necrosis factor (TNF-␣) is a likely inciting event and remains a potential therapeutic target. However, the mechanism for propagation of proinflammatory signals from basal ganglia to hippocampus remains unidentified. It is possible that diffusible factors traveling through brain parenchyma and/or cerebrospinal fluid may influence neuronal homeostasis and function (Persidsky et al., 1999) . Diffusible toxins may follow various paths of least resistance through brain parenchyma, such as the perivascular compartment or axonal projections traveling to or away from the basal ganglia. Future studies investigating the rate and route of labeled protein diffusion through the HIVE SCID mouse brain are necessary to test the plausibility of this hypothesis. Alternatively, protein diffusion may not be as important as paracrine mechanisms of glial activation. MDM-derived proinflammatory cytokines are potent activators of both astrocytes and microglia (Lee et al., 1993; Chiang et al., 1994; Van Wagoner et al., 1999; Woiciechowsky et al., 1999; Cardinaux et al., 2000; Schubert et al., 2000) , and a central inflammatory focus may propagate glial activation throughout the brain. In another but not mutually exclusive pathogenic model, local secretion of proinflammatory cytokines into microvasculature may activate microvascular endothelial cells throughout the brain, leading to progressive blood-brain barrier compromise (Persidsky et al., 1999) , influx of viral and immune factors from the periphery, and ultimately, altered neuronal function and morphology. Still another possibility is that hippocampal efferent projection neurons terminating in or traveling through basal ganglia may sustain damage resulting in Wallerian degeneration. Along this line of thought, afferent projections to hippocampus traveling through basal ganglia may sustain damage resulting in decreased input to hippocampal subregions. For example, both thalamicocortical and corticofugal neurons can pass through the lateral and medial ganglionic eminences en route to and from the hippocampus. Although we cannot discount the role of projection neuron destruction in the HIVE SCID mouse model, inflammationmediated damage to projection neurons appears unlikely to be involved in human HAD on the basis of radiologic (Chrysikopoulos et al., 1990; Aylward et al., 1993 Aylward et al., , 1995 Jernigan et al., 1993; Marcus et al., 1998) and postmortem histopathologic evidence showing that HIVE is a diffuse process preferentially affecting subcortical white matter and deep brain structures but lacking discrete foci of injury (Gray et al., 1988; Masliah et al., 1992a Masliah et al., ,b, 2000 .
Third, the major antecedent to impaired synaptic physiology and morphology appears to be the presence of MDMs in brain. Viral infection of injected MDMs augments the magnitude of hippocampal pathophysiology, probably by increasing the levels of secreted proinflammatory cytokines, but is not necessary for development of disease. The ability of brain MDMs to cause dementia independent of viral infection supports the idea that activated macrophages trigger final common pathways of neurodegeneration. In humans, the presence of activated macrophages and microglia in the brain is a better predictor of neurologic decline than detection of viral proteins or nucleic acids (Glass et al., 1993; Persidsky et al., 1999) . This is not the first report of cognitive impairment and neuropathology associated with retrovirus-infected leukocytes in the murine brain. Mice inoculated intraperitoneally with the LP-BM5 murine retrovirus mixture displayed deficient MWM performance 5-7 weeks after inoculation (Sei et al., 1992) , before the appearance of astrogliosis and microglial activation (Kustova et al., 1996) and reduced expression of neuronal cytoskeletal proteins in the frontal and parietal lobes (Kustova et al., 1998) . Unlike the SCID mouse model of HIVE, LP-BM5 neuropathology is not associated with the presence of immune-competent, retrovirus-infected mononuclear phagocytes (monocytes, macrophages, and microglia) in brain parenchyma. Still, LP-BM5-associated neuronal damage is suppressed in TNF-␣ Ϫ / Ϫ animals (Iida et al., 2000) and in wild-type animals treated with a glutamate antagonist (Kustova et al., 1998) . The requirement of TNF-␣ production for development of LP-BM5 neuropathology suggests that activation and immune competence of monocytes and macrophages may be the crucial inflammatory event preceding neurodegeneration in retrovirusmediated encephalopathy. The participation of glutamate in LP-BM5-mediated toxicity alludes to excitatory neurotoxicity as a final pathway for neuronal degeneration (Jiang et al., 2001) .
The development of vaccines, anti-retroviral, and adjunctive therapeutics aimed at treating the neurologic aspects of HIV-1 infection necessitates relevant animal model systems. Because this model system parallels human disease, it likely will continue to provide useful information in studies of HIV-1 neuropathogenesis. Figure 8 . Neurofilament (NF ) expression within the CA2 hippocampal subfield ipsilateral to injection. After slides were analyzed on low power (20ϫ), the region of highest NF intensity was selected, photographed at 100ϫ magnification, and quantified using ImageQuant software. Statistical comparisons were made against shams (*p Ͻ 0.05, **p Ͻ 0.01; ANOVA, Tukey-Kramer). Figure 9 . Synaptophysin (SP) expression within the CA2 hippocampal subfield ipsilateral to injection. Visual fields (100ϫ) within CA2 were chosen for quantification as described in Figure 8 . Statistical comparisons were made against shams (*p Ͻ 0.05; ANOVA, Tukey-Kramer).
